additional animals had preexposure avian infl uenza virusspecifi c antibody titers and were included in the high-dose group; 1 was also dedicated as contact animal.
In most birds the clinical signs were inconspicuous after HPAI virus (H5N1) inoculation. However, 3 swans exhibited severe neurologic disorders, including opisthotonus, torticollis, and ataxia. In addition, 3 animals died suddenly without any clinical signs developing. The incubation period for the high-dose group was at least 4 days. All swans of this group died or had to be humanely killed 5-9 days postinoculation (DPI) (Figure 1, panels A, B) . The minimum incubation period of the low-dose group was 7 days ( Figure  1, panel A) . Only 1 animal of the low-dose group survived until the end of the trial (21 DPI), and all other swans of the group succumbed between 8 and 14 DPI.
Oropharyngeal and cloacal swab samples were collected daily in Dulbecco modifi ed Eagle medium supplemented with 5% fetal calf serum and antimicrobial drugs. All individual swabs were tested by real-time reverse transcription-PCR (5) specifi c for subtype H5N1, and the genomic load was semiquantifi ed by the cycle threshold (Ct) value. Infectivity titers of swab samples were calculated as the 50% tissue culture infectious dose/mL on Madin . Maximum duration of viral shedding per individual swan was 6 days in both groups for cloacal and tracheal swab samples. Virus excretion of the contact animals was delayed, but the quantities of excreted virus were similar to those of the inoculated animals. One adult male swan of the low-dose group was the only surviving naive swan; his excretion pattern was delayed and shortened compared to other swans, which received the same virus dosage.
Sera were collected at 0, 7, 14, and 21 DPI from surviving swans as well as on the day of euthanasia. Serum samples were heat inactivated at 56°C for 30 min and subsequently nucleoprotein antibody ELISA, serum neutralization test (SNT), and hemagglutination-inhibition (HI) test were performed. Results of serologic tests from the day of euthanasia or the last day of serum collection before death are shown in Table 1 tests showed that the nucleoprotein-specifi c ELISA was the most sensitive assay, showing positive results as early as 5 DPI. All but 4 swan sera were positive in the nucleoprotein antibody ELISA after HPAI virus (H5N1) inoculation. Six of 8 ELISA-positive serum samples also exhibited neutralizing antibodies, whereas only 4 of 8 ELISA-positive serum samples exhibited positive HI titers against the challenge virus antigen. However, even postinfection antibody titers >400 SNT or 128 HI, respectively, did not protect swans from dying ( Table 1 ). The 1 surviving swan developed antibody titers >1,000 SNT or 500 HI at the end of the experiment. Two mute swans showed positive or questionable results in a nucleoprotein-specifi c ELISA before inoculation. The neutralizing activity of sera of both animals against HPAI virus (H5N1) was low, with titers of 10 and 3, respectively; no specifi c HI titers were detected.
After HPAI virus (H5N1) inoculation, both swans survived without any clinical signs. When these swans were compared with the inoculated naive swans, viral shedding was delayed and had a shorter duration with reduced viral loads ( Table 2) .
Gross pathology showed widespread hemorrhages as predominant lesions in both infected groups. Ecchymoses were especially present within the myocardium, submeningeally in the brain, in the peritracheal connective tissue, and within the lungs. Petechiae were seen in the pancreas, liver, and subcutis and on serosal surfaces. Only 2 swans exhibited multifocal to coalescent foci of coagulative necrosis in the pancreas. Table 1 summarizes semiquantifi ed viral RNA loads in comparison to immunohistochemical detection of avian infl uenza virus nucleoprotein in different tissues. Immunostaining for avian infl uenza virus antigen was positive in 11 of 14 animals and confi ned to 3 loca- tions: neuronal, epithelial, and endothelial ( Figure 2 , Table  1 ). In all animals, a strong neuronal infection could be observed with viral antigen in the cytoplasm and nuclei of neurons, glial cells, and ependymal cells in the brain, spinal cord, and eye (Table 1, Figure 2, panels A, B) . Peripheral nerves, e.g., innervating the adrenal glands, the ovary, or area located adjacent to the cecal tonsil also stained positive. Some swans showed immunoreactivity in epithelial cells, e.g., of the pancreas, adrenal glands, ovaries, liver ( Figure 2 , panel C), feather follicles, and nasal cavity (Figure 2 , panels D, E). Endothelia of different organs stained strongly positive only in 3 swans (Figure 2, panel F) ; in addition, these animals exhibited very high loads of viral genome in all tissue samples (Table 1 ).
Conclusions
We demonstrated that few adult mute swans might have the ability to survive infection with HPAI virus (H5N1). Surviviors would most likely be older swans in good health infected with a low dosage (e.g., <10
4 EID 50 / animal). However, because of viral shedding for several days without showing severe clinical symptoms, adult mute swans could play a key role in the spread of HPAI virus (H5N1), a conclusion that contradicts those of other investigators (8) (9) (10) . Gross and histologic lesions in infected swans were independent of dosage, age, or sex of infected swans. Two parallel courses of pathogenesis with predominantly endothelial (n = 3) or epithelial/neuro nal (n = 9) infections were distinguishable. Both forms have been described (11) . However, normally only 1 dominant type was observed, depending on the experimental conditions (e.g., species, age of the animals, virus strain). At least 2 swans with the endotheliotropic course of infection were negative for avian infl uenza virus-specifi c antibodies. Thus, failure to mount an early antibody response might be responsible for or promote infection of the vasculature. In contrast, preexisting avian infl uenza virus-specifi c antibodies can be an effi cient modulator of the outcome of an infection with HPAI virus (H5N1).
